Eukaryotic genomes contain vast amounts of repetitive DNA derived from transposable elements (TEs). Large-scale sequencing of these genomes has produced an unprecedented wealth of information about the origin, diversity, and genomic impact of what was once thought to be "junk DNA." This has also led to the identification of two new classes of DNA transposons, Helitrons and Polintons, as well as several new superfamilies and thousands of new families. TEs are evolutionary precursors of many genes, including RAG1, which plays a role in the vertebrate immune system. They are also the driving force in the evolution of epigenetic regulation and have a long-term impact on genomic stability and evolution. Remnants of TEs appear to be overrepresented in transcription regulatory modules and other regions conserved among distantly related species, which may have implications for our understanding of their impact on speciation. 
INTRODUCTION
The term "repetitive sequences" (repeats, DNA repeats, repetitive DNA) refers to homologous DNA fragments that are present in multiple copies in the genome. Repetitive DNA was originally discovered based on reassociation kinetics and classified into "highly" and "middle" repetitive sequences (14) , roughly corresponding to tandem and interspersed repeats discussed below. This review is centered primarily on repeat research based on DNA sequence analysis and does not cover the so-called low copy repeats (LCRs), also known as segmental duplications, which represent a separate category of duplicated diverse chromosomal segments (105) .
Repeats can be clustered into distinct families each traceable to a single ancestral sequence or a closely related group of ancestral sequences. In contrast to multigene families, which are defined based on their biological role, repetitive families are usually defined based on their active ancestors, called master or source genes, and on their generation mechanisms. Over time, individual elements from repetitive families may acquire diverse biological roles.
There are two basic types of repetitive sequences: interspersed repeats and tandem repeats. Interspersed repeats are DNA fragments with an upper size limit of 20-30 kb, inserted more or less at random into host DNA. In contrast, tandem repeats represent arrays of DNA fragments immediately adjacent to each other in head-to-tail orientation. This review focuses on interspersed repetitive DNA from eukaryotic genomes. Interspersed repeats are mostly inactive and often incomplete copies of transposable elements (TEs) inserted into genomic DNA. TEs are segments of DNA or RNA capable of being reproduced and inserted in the host genome. At the same time, genomes are essentially conservative structures that have evolved mechanisms to counteract such insertions. Therefore, TEs and host genomes are locked in a permanent antagonistic relationship resembling an "arms race." Eukaryotic hosts continuously suppress activities of TEs, but TE proliferation persists in virtually all known eukaryotic species. Of all eukaryotic genomes sequenced to date, only the genome Plasmodium falciparum appears not to host any active TEs (35) .
Why do complex, conservative genomes tolerate the activities of inherently antagonistic elements? TEs cannot be easily eliminated and their endurance in the host can be compared to that of parasites. Furthermore, if TEs can provide evolutionary advantages to the host, their chances of survival increase. The view that TEs are beneficial to the host is not new (16, 44, 68, 87) but recent progress in the field puts it squarely at the center of the ongoing debate on eukaryotic evolution. A schematic representation of major classes of transposable elements, including nonautonomous elements.
STRUCTURE AND SYSTEMATICS OF TRANSPOSABLE ELEMENTS

General Characteristics
Rolling-circle transposons (Helitrons)
are transposed by moving their genomic DNA copies from one chromosomal location to another without any RNA intermediate. Most retrotransposons and DNA transposons are flanked by target site duplications (TSDs) resulting from fill-in repair of staggered nicks generated at the DNA target site upon insertion of TEs (42) . All currently known eukaryotic retrotransposons can be divided into four classes: non-long terminal repeat (LTR) retrotransposons, LTR retrotransposons, Penelope, and DIRS retrotransposons. Although the first two classes (Figure 1a,b) are relatively well established and studied (29) , the Penelope and DIRS classes were only recently introduced (2, 30, 81, 98) . Members of all four classes of retrotransposons are present in the genomes of virtually all eukaryotic kingdoms: Protista, Plantae, Fungi, and Animalia. The only exception is Penelope, which, so far, has not been identified in plants.
Eukaryotic DNA transposons belong to three classes: "cut-and-paste" transposons, Helitrons, and Polintons (Figure 1c,d,e) . The corresponding mechanisms of transposition are cut-and-paste (23), rolling-circle replicative (60) , and self-synthesizing (65), respectively. The cut-and-paste transposons and Helitrons cannot synthesize their own DNA; instead, they multiply using host replication machinery.
Non-Long Terminal Repeat and Long Terminal Repeat Retrotransposons
A typical autonomous non-LTR retrotransposon, commonly referred to as a long interspersed element (LINE), contains one or two open reading frames (ORFs). It includes an internal promoter in the 5 terminal region that governs transcription of the retrotransposon inserted in the host genome. The mechanism of LINE retrotransposition and integration into the genome is well studied and is viewed as a coupled process called target-primed reverse transcription (TPRT). According to the TPRT model, reverse transcription is primed by the free 3 hydroxyl group at the target DNA nick introduced by EN (29) . The model was recently enhanced by the finding that initiation of the L1 reverse transcription does not require base pairing between the primer and template (72) . Moreover, as expected from the model, EN is not necessary for L1 retrotransposition when free 3 -hydroxyl groups become available in disfunctional telomeres (91) . Both RT and EN domains in L1 are encoded by the same ORF. An mRNA expressed during transcription of a genomic copy of LINE retrotransposon serves as a template for reverse transcription, and the resulting cDNA is inserted in the genome.
Based on structural features of non-LTR retrotransposons and phylogeny of RTs, LINEs can be assigned to five groups, called R2, L1, RTE, I, and Jockey, which can be subdivided into 15 clades (29, 70) . It is believed that the R2 group is composed of the most ancient non-LTR retrotransposons, the CRE, NeSL, R2, and R4 clades, which are characterized by a single ORF coding for RT and an EN C terminal to the RT domain. The R2 EN is similar to different restriction enzymes, and all TEs from the R2 group retrotranspose into highly specific target sites. Members of the remaining four groups encode the apurinic-apyrimidinic endonuclease (APE), which is always N terminal to the RT domain. In addition to RT and EN, members of the first group code for RNase H (29) , including the Ingi, I, LOA, R1, and Tad1 clades. Nonautonomous non-LTR retrotransposons are usually referred to as short interspersed elements (SINE) retrotransposons. Typically, they are mosaic structures derived from transfer RNA (tRNA) or 7SL or 5S ribosomal RNA, and contain 5 internal pol III promoters involved in transcription. The 3 ends of SINEs are either derived from LINE elements or contain poly(A) tails recognizable by L1 elements. They may share common structural constraints (111) . Their retrotransposition is catalyzed by RT/EN encoded by the autonomous non-LTR retrotransposons.
Non-LTR retrotransposons are transmitted vertically (i.e., from parents to offspring), with some notable exceptions (71) .
An LTR retrotransposon (Figure 1b ) may carry three ORFs coding for the gag, env, and pol proteins. The pol protein is composed of the RT, EN, and aspartyl protease domains. The EN domain in LTR retrotransposons is usually called INT and is distantly related to the DDE transposase (named after two aspartate and one glutamate residues forming a catalytic triad), encoded by Mariner DNA transposons (20, 29) . LTR retrotransposons can be transferred horizontally (49) , although the extent of the process is not clear.
Penelope.
The Penelope retrotransposons encode a single ORF composed of the RT and EN domains. The latter is similar to GIY-YIG intron-encoded ENs (2, 30, 84, 121) , named after the conserved amino acid motif Gly-Ile-Tyr-Xn-Tyr-Ile-Gly. It appears that the Penelope RT is closer to telomerases and bacterial RTs than RTs encoded by non-LTR retrotransposons (2) . Like many families of non-LTR retrotransposons, Penelope elements generate 10-15 base pair (bp) TSDs and probably follow the TPRT model of retrotransposition (29, 30) . However, Penelope elements are characterized by unusual LTR-like or inverted terminal repeats not typical for standard non-LTR retrotransposons. Also, some Penelope elements from different species retain introns after their retrotransposition (2) . Based on their structural and phylogenetic features, Penelopes are viewed as a separate class of retrotransposons. However, given the low resolution of phylogenetic trees built for extremely divergent and ancient RTs, an alternative view of Penelopes as the most ancient/basal group of non-LTR retrotransposons cannot yet be ruled out.
DIRS. The Dictyostelium intermediate repeat sequence (DIRS) retrotransposons encode a
RT that is phylogenetically closer to that encoded by LTR retrotransposons than to the RT in non-LTR retrotransposons (29) . Until recently, DIRS elements were viewed as an enigmatic class of INT-free retrotransposons characterized by an unusual structure of terminal repeats (19, 29) . However, it turns out that DIRS elements encode a protein belonging to the INT family of tyrosine recombinases (tyrosine INT) (40) . This observation and the unusual structure of termini led to the classification of DIRS elements as a separate class of LTR retrotransposons (28, 41) . Given a wide distribution of highly diverse DIRS retrotransposons in different eukaryotic kingdoms, it appears that they are as ancient as LTR retrotransposons. It also appears that the DIRS RT is grouped phylogenetically with the Gypsy RT (29, 98) and separately from the BEL and Copia LTR retrotransposons, which are viewed as the most ancient LTR retrotransposons (29) . Therefore, the most parsimonious scenario of DIRS origin is that they evolved from a Gypsy-like ancestral LTR retrotransposon after recruiting the tyrosine INT, which replaced the standard DDE INT. This scenario is consistent with the observation of tyrosine recombinase/INT-encoding DNA transposon-like elements in some fungi (Crypton transposons) (39) and in ciliates (Tec transposons) (27, 48) . The suggested recruitment might have occurred following insertion of an ancient tyrosine recombinase-encoding DNA transposon into the Gypsy-like predecessor of DIRS elements. Analogously to Penelope retrotransposons, some DIRS elements retain introns in ORFs (41) . Such intron retention could be important for the retrotranspositon of Penelope and DIRS. For instance, non-spliced DIRS/Penelope mRNA retained in the nucleus can be a better substrate for retrotransposition than the spliced one (30, 41) .
Cut-and-Paste DNA Transposons
During its transposition, a cut-and-paste DNA transposon is excised (cut) from its original genomic location and inserted (pasted) into a new site (23) . Both reactions are catalyzed by a transposase that binds the termini of a transposon and its target site and Harbinger was the first superfamily of DNA transposons discovered based on computational studies (59) . The autonomous Harbingers encode two proteins: a ∼400-amino acid (aa) Harbinger transposase and a ∼200-aa DNA-binding protein that includes the conserved SANT/myb/trihelix motif. The Harbinger transposase is distantly related to transposases encoded by the IS5 group of bacterial transposons, including IS5, IS112, and ISL2. Harbingers are typically flanked by 3-bp TSDs, frequently TAA or TTA trinucleotides, but some Harbingers from the zebrafish genome show a striking preference for a 17-bp target site (AAAACACCWG-GTCTTTT), longer than the target for any other DNA transposon family (62) .
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Helitrons. Helitron DNA transposons transpose via replicative rolling-circle transposition (60) . Helitrons are present in the genomes of plants, fungi, insects, nematodes, and vertebrates. In some species, including A. thaliana and Caenorhabditis elegans, they constitute ∼2% of the genome. Autonomous Helitrons encode the ∼1500-aa, so-called Rep/Hel protein, composed of the replication initiator (Rep), and helicase (Hel) conserved domains. The Rep domain spans a ∼160-aa region composed of the "two-His" (E-FYW-Q-K-R-G-LAV-PVH-X-H) and "KYK" (Yg-LVW-FAT-Kq-Y-X-X-K) motifs separated by ∼130 aa. These motifs are conserved in Reps, which are encoded by plasmids and singlestranded DNA viruses replicating by rollingcircle mechanism. The Rep proteins perform both cleavage and ligation of DNA during rolling-circle replication, the same as transposases. The ∼500-aa Hel domain is a helicase that belongs to the SF1 superfamily of DNA helicases. Helitron is the only known class of transposons in eukaryotes that integrates into the genome without introducing TSDs. Usually, the Helitron integration occurs precisely between A and T nucleotides in the host. Helitrons do not have TIRs, which are typically present in other DNA transposons. Instead, Helitrons have conserved 5 -TC and CTRR-3 termini. They also contain a ∼18-bp hairpin separated by 10-12 nucleotides from the 3 end. Presumably, the hairpin serves as the terminator of rolling-circle replication, which is believed to be the mechanism for Helitron's transposition. So far, only Helitrons found in the Aspergillus nidulans genome do not contain the 3 hairpin (33).
Although no active Helitrons have been isolated and studied experimentally so far, the main features of Helitron transposition can be predicted a priori based on the structural invariants detected in different Helitrons and known properties of bacterial rollingcircle replicons (60) . Helitron transposition starts from a site-specific Rep-encoded nicking of the transposon-plus strand. Next, the free 3 -OH end of the nicked-plus strand serves as a primer for leading-strand DNA synthesis facilitated by the Helitron helicase and some host replication proteins, including DNA polymerase and replication protein. A RPA-like single-stranded DNA-binding proteins. The newly synthesized leading-plus strand remains covalently linked to the 3 -OH end of the parent-plus strand during the continuous displacement of its 5 -OH end. When the leading strand makes a complete turn, Rep catalyzes a strand-transfer reaction followed by the release of a single-stranded DNA intermediate, the parent-minus strand, and a double-stranded DNA Helitron composed of both the parental-plus and a newly synthesized strand (60) .
Another interesting feature of Helitron is its ability to intercept host genes. For example, plant Helitrons encode RPA-like proteins, clearly derived from RPA encoded originally by the host genome (60) . Given the conservation of RPA in Helitrons, this protein is almost certainly involved in Helitron transposition, presumably as a single-stranded DNA-binding protein. Helitrons present in sea anemone, sea urchin, fish, and frog carry EN derived from CR1-like non-LTR retrotransposons (63, 99) . Again, the conservation of the EN in different Helitrons from different species shows that it must be necessary for the life cycle of Helitrons. Finally, numerous nonautonomous Helitrons in the corn genome harbor exon-/intron-coding portions from many different host genes (75, 90) . Therefore, Helitrons may function as a powerful tool of evolution, by mediating duplication, shuffling, and recruitment of host genes.
Polintons. Like Helitrons, the third class of DNA transposons, Polintons, was discovered and characterized based on computational studies (65) . Polintons are 15-20 kb long, with 6-bp TSDs and 100-1000 bp TIRs at both ends. They are the most complex eukaryotic transposons known to date. Polintons code for up to 10 proteins, including a family B DNA polymerase (POLB), a retroviral-like INT, an A transposase, and an adenoviral-like cysteine protease. The first three are universal for all autonomous Polintons identified in protists, fungi, and animals (65) .
Polinton POLB belongs to a group of protein-primed DNA polymerases encoded by genomes of bacteriophages, adenoviruses, and linear plasmids from fungi and plants. POLB and its functional motifs are well defined (10, 24, 115) , and their conservation in all extremely diverged Polinton POLBs indicates that the DNA-DNA polymerase and proofreading activities are necessary for Polinton transposition. The termini of Polintons are composed of short 1-3-bp tandem repeats, which are necessary for the slideback mechanism in protein-primed DNA synthesis studied in bacteriophages (88) . Based on these observations, it was proposed that Polintons propagate through protein-primed self-synthesis by POLB (65) . First, during host genome replication, the INT-catalyzed excision of Polinton from the host DNA leads to an extrachromosomal single-stranded Polinton that forms a racket-like structure. Second, the Polinton POLB replicates the extrachromosomal Polinton. Finally, after the double-stranded Polinton is synthesized, the INT molecules bind to its termini and catalyze its integration into the host genome.
FROM TRANSPOSABLE ELEMENTS TO GENES
The first clear example of a functional protein-coding gene that evolved from a former TE was centromere protein B (CENP-B) (110, 116) . CENP-B is conserved in mammals and binds a specific 17-bp site in the human α-satellite, but its exact function is still not clear. Based on gene knockout studies, it appears that CENP-B is involved in reproduction rather than in centromere-related activities, as was originally predicted (32, 112 (103, 113) , is probably the most ancient known host protein derived from a transposable element (62, 64) . RAG1 evolved some 500 million years ago (mya) in a common ancestor of jawed vertebrates from a Transib DNA transposase (64) . It is also the only transposase-derived host gene with demonstrated nuclease-/transposaselike activities. Biological properties of the remaining transposase-derived genes are either not known or linked to DNA/RNA binding (52, 78, 114) . The RAG1-based immune system is also the only example of a complex host machinery that evolved from transposase and TIRs from the same family of transposons (64) . There are other genes that may be involved in DNA rearrangements, as they encode transposase-derived proteins sharing conserved catalytic amino acids with corresponding transposases. An example of such a conserved gene is HARBI1, which evolved from the Harbinger transposase in a common ancestor of fish, birds, frogs, and mammals (62) .
Other potential sources of novel proteincoding genes are LTR retrotransposons. For instance, >50 protein-encoding genes syntenic between the human and mouse genomes evolved from the gag protein encoded by Gypsy LTR retrotransposons, which were active in ancestral genomes (12, 18, 66, 79, 94, 119) . One of the Gypsy-derived genes, called PEG10 or KIAA1051, includes Gypsy gag and protease domains, which are fused together through the -1 ribosomal frame-shift mechanism typical for Gypsy elements (82, 94, 119) . Although its exact function is still unknown, PEG10 is important for mouse parthenogenetic development based on observed embryonic lethality due to placental defects in PEG10 knockout mice (95) . Although there are >30 examples of host genes evolved from DNA transposases, there is only one example of a recruited RT: the mammalian Rtl1 or PEG11 gene, which evolved from the Gypsy gag and RT (104) . Interestingly, both PEG10 and PEG11 are paternally expressed genes, and more than 50% of all gag-derived genes reside on the X chromosome.
Finally, many microRNA genes appear to have evolved from TEs, and their involvement in gene regulation appears to be an outcome of the antagonistic relationship between TEs and the host genome. Expression of TEs and generation of repetitive DNA, including tandem repeats, are countered by RNA degradation and DNA methylation (17, 22, 100, 118) mediated by small RNAs (sRNAs) (∼20-26 bp) generated from the targeted repetitive DNA. Analogous processes are involved in modulating chromatin structure and regulating gene expression (7, 8, 15, 22, 101) . Many of such processes are mediated by sRNAs derived from evolutionarily conserved precursors (21) .
Most of the epigenetic regulation of endogenous genes in A. thaliana appears to have evolved from mechanisms to silence TEs (128) . Furthermore, some mammalian precursors of microRNAs (miRNAs) appear to be derived from ancient MIR (SINE) and L2 (LINE) elements (108), or even younger Alu (SINE) elements and processed pseudogenes (25, 109) . Recent evidence that 5 Alus can function as RNA polymerase promoters for miRNAs (11) further supports the contributions of TEs to the origin and expression of miRNAs involved in mammalian gene regulation.
OTHER HIGHLY CONSERVED TRANSPOSABLE ELEMENTS
Recent systematic comparisons of complete genomic sequences revealed the existence of noncoding sequences that are highly conserved across multiple species (6). They include LF-SINE (5), MER121 (58), AmnSINE1, and SINE3-1 (92, 127) , which are SINE, or SINE-like, elements preserved in highly diverse vertebrates from Latimeria and reptiles to mammals. An additional 83 families of low and moderately repeated elements were reported recently and deposited in Repbase (38, 53 (38) . X * LINEs, where the asterisk stands for specification of one of the 14 families, were directly or indirectly derived from autonomous non-LTR retrotransposons, a fact supported by significant similarities between their translatable regions to diverse LINE elements (38) . Table 2 shows densities of the abovedescribed families of repeats, including a moderately repetitive L4 family (36), in five vertebrate genomes. Columns 2 and 3 show densities of the same families in human conserved sequences (106) and cis-regulatory modules (CRMs) (9) . For some families, the densities of TEs in CRMs can be as much as a factor of magnitude higher than the average human genomic density. Similar (106) and cis-regulatory modules (CRMs) (9) . Asterisks indicate additional subclassification.
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overrepresentation can be found in conserved regions, which partially overlap with CRMs. Many CRMs are tissue specific (9), which may be significant for understanding developmental evolution, especially in light of recent evidence that TEs can affect developmental processes in mammalian oocytes and preimplantation embryos (96) . The most overrepresented repeats are broadly conserved in mammals, chicken, and other vertebrates (e.g., LF-SINE). The overrepresentation may be due to the fact that nonconserved copies continue to decay over time, leading to lower overall genomic densities. However, the proportions of mammalian-specific repeat families reveal a more complex pattern, which can be seen in five mammalian families: MARE1-2, MARE3, L4, and MER121. These families are moderately repetitive as their copy numbers in the human genome range from ∼600 (MARE3) to ∼5000 (L4). The density of MARE1-2 repeats is about 50% higher in conserved regions than the overall human genomic density of these elements, whereas the density of MARE3 repeats is almost five times higher both in conserved regions and CRMs.
In the conserved regions, the densities of L4 and MER121 repeats are around 2 and 10 times higher, respectively, but in CRMs they are comparable with human genomic densities. In other words, MARE3 accumulated Ratios of short interspersed element (SINE) densities on chromosome X relative to autosomes from dog, mouse, and human.
many times faster in both CRMs and conserved regions than MARE1-2. On the other hand, the accumulation of L4 and MER121 in CRMs was marginal at best, whereas their overrepresentation in conserved regions was substantial, particularly MER121. A potential scenario of fixation of certain families in regulatory regions is further discussed in the last section in the context of speciation.
CUMULATIVE IMPACT ON GENOMIC STRUCTURE
A systematic buildup of repetitive DNA in the genome is due to an excess of insertions over deletions of TEs. Over time it can lead to large-scale genomic changes, which were recently studied in some detail in mammalian genomes. The most prominent TEs in Euterian mammals are LINE1, (L1) non-LTR retroelements, and the associated nonautonoumous SINE elements. SINEs are particularly convenient for comparative studies of insertion and elimination of TEs in mammals due to their abundance, moderate lengths, and recent, or even ongoing, retrotransposition. Previous analyses of the human and mouse genomes indicate that the insertion and elimination of young SINE elements occur in male germlines (54) (55) (56) . In the absence of selection, the systematic insertion of TEs in male germlines leads to their overrepresentation on chromosome Y and underrepresentation on chromosome X relative to autosomes. Analogous insertions in female germlines result in their overrepresentation on chromosome X relative to autosomes and their total absence on chromosome Y, except in regions undergoing X-Y recombination. Figure 2 shows that proportions of SINE densities on chromosome X and autosomes (A) in human and mouse are close to 2/3, which is consistent with passing active SINEs through the male germline (54, 55) . In the dog genome, the analogous X/A proportions are close to 4/3, the value predicted for transmission through female germ cells only (55, 124) . Normalized densities of younger (left) and older (right) short interspersed elements (SINEs) from dog (red ), mouse (blue), and human ( gray) genomes, plotted for different ranges of guanosine and cytosine (GC) content.
The biological impact of germline-specific transmission of TEs remains to be determined. Female-driven transmission could be among the initial mechanisms leading to an accumulation of L1 elements on chromosome X, where they could be further accumulated by natural selection due to their potential involvement in spreading and amplifying the X-inactivation signal (83) . Germline-specific expression is consistent with methylation patterns: Human Alus are hypomethylated in sperm, whereas L1s are hypermethylated (45, 46, 123) . Maternal and paternal methylation of repeats can provide genomic imprinting signatures guiding the epigenetic modification machineries to the imprinted regions (8, 123) .
An emerging question is whether male and female modes of transposition can affect genetic stability of TEs due to the general premise that female germlines appear to be more genetically inert than male germlines (86, 89) . The male-transmitted human Alu elements are originally prevalent in AT-rich DNA, but over time they tend to accumulate in GC-rich chromosomal regions (54, 76) . In the mouse genome such an accumulation may be very fast (55) . However, in the dog genome there is virtually no difference between the distribution of younger and older SINEs in DNA segments, indicating the lack of analogous postinsertion accumulation (Figure 3) . Postinsertion changes in the distribution of SINE elements have been attributed to different SINE-SINE recombination patterns in gene-rich and gene-poor isochores (43, 54) . This implies that recombinations between female-transmitted SINEs in the dog genome are much less frequent than those between male-transmitted SINEs in the human and mouse genomes. One of the outcomes of SINE-SINE recombination is the formation of hybrid SINEs that are no longer flanked by identical TSDs. The loss of TSDs over time has been observed in the human and mouse genomes, but not in the dog genome (37) , which is consistent with the prediction of a low SINE-SINE recombination rate in dog. Finally, SINE-SINE recombinations can trigger the formation of long segmental duplications (51, 105) . In contrast to human and mouse, very few such duplications have been found in dog (77) , again in agreement with the data indicating low SINE-SINE recombination activities in dog. Nevertheless, a direct relationship between germline-specific transmission and stability of TEs remains to be shown.
POTENTIAL ROLE IN SPECIATION
In 1984, McClintock proposed that species could originate due to sudden, TE-induced chromosomal reorganizations followed by a complex genomic response (87) . Recently, this idea was synthetically reviewed in the context of classical paleontological data and current knowledge of TEs (80) . McClintock also noted that TEs can be activated suddenly due to abiotic stress, and concluded "that stress, and the genome reaction to it, may underlie many formations of new species" (87) . Growing evidence confirms the role of stress in generating and unmasking genetic diversity (reviewed in 3). Activation of TEs under stress may produce beneficial outbursts of mutations at critical evolutionary junctions when populations face a choice between extinction and rapid change. Apart from potential contributions to speciation, activation of TEs under stress may also increase their chance of survival because host populations under stress are likely to shrink, and TEs are more likely to spread by genetic drift in small populations than in large ones. Other early ideas on the role of TEs in speciation (102) were inspired in part by the discovery of hybrid dysgenesis in fruit fly induced by the P element (67) . The renewed interest in interspecies hybridization as a model for TE activation in speciation is stimulated by more evidence of retroelement upregulation in animal and plant species (34, 50, 74, 93) . Recently, the upregulation of TEs in hybrid dysgenesis was linked to disturbance of the RNA silencing system in germ cells (57) .
Any model of speciation that includes the participation of TEs must include changes in regulatory systems. The potential significance of repetitive DNA for evolution of eukaryotic regulation was first proposed by Britten & Davidson (13) , before the relationship between TEs and repetitive DNA was established. Later, Wilson and colleagues (69, 125) proposed that gene rearrangements, particularly those leading to changes in regulatory regions, may account for the major organismal differences. Since then, more experimental evidence of changes in transcription regulation and their impact on organismal phenotypes at a microevolutionary level became available (8, 126) . However, many regulatory changes are likely harmful or lethal, as indicated by the apparent lack of TE insertions in many developmental regulators (107) . Yet, as discussed above, certain repeat families are overrepresented in CRMs and conserved regions, whereas others are not (38) . This strongly indicates that fixation of conserved TEs in regulatory regions did occur in the past, although the process is not well understood. Some of these conserved repeats were derived from tRNA or 5SRNA elements, which might have contributed useful regulatory signals such as pol promoters. However, there are other tRNA-derived families, such as MIR, that are not overrepresented in conserved regions, in contrast to tRNA-derived MER133 or MARE3 (38, 53) . There could be additional factors affecting the fixation, and among them coincidence with speciation is of particular interest. Such fixations need not necessarily come from large outbursts of (retro)transpositions. Instead, any TEs active at the time of speciation could have a better chance to make multiple impacts on regulatory regions, particularly those involved in developmental processes. Recent analysis of selected retropseudogenes revealed that the peaks of their retropositions appear to roughly correspond with major events in the primate phylogenetic history (26) . More recently, it was demonstrated that significant genome expansion in three hybrid sunflower species is attributable to proliferation of Gypsy-type LTR retrotransposons (117) . It remains to be seen if this type of rapid expansion can translate to multiple fixations of repeats in regulatory sites. Successfully modified regulatory sites could later undergo duplications, further increasing the proportions of conserved copies relative to the total number of genomic copies. Major changes during speciation are unlikely to be optimal or stable and may require extensive fine-tuning over time. TEs may play another important role in such processes by affecting DNA methylation patterns and microRNA-mediated regulation.
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